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T 
HE regulation of protein function through phosphor- 
ylation is fundamental in controlling cell cycle pro- 
gression. To date, most attention has focused on the 
cyclin-dependent protein  kinases  (cdks) 1 (for review see 
reference 21). However, whereas the p34cdcE-cyclin B com- 
plex appears to regulate the mitotic "state" and in this way 
changes the overall organization  of the cell, members of 
another conserved serine/threonine kinase family appears 
to be able to control the dynamics of cellular architecture. 
These  are the polo-like kinases  (plks) which  orchestrate 
several mitotic events including the formation of the bipo- 
lar spindle, and at least in some organisms, the process of 
cytokinesis. It appears that in some of its roles the plk co- 
operates with p34  cdc2 and indeed recent work (15) has sug- 
gested that one plk can help maintain the mitotic state by 
phosphorylating  the  cdc25  phosphatase  that  activates 
p34  coc2. 
The founding member of this kinase family is encoded 
by the Drosophila gene polo (20, 25). Homologous genes 
encoding polo-like kinases have been identified from vari- 
ous  eukaryotes:  CDC5 of S.  cerevisiae (14);  plol  of S. 
pombe  (22);  the  Plxl  gene  of Xenopus  (reference  15; 
Tavares, A., H. Ohkura, C. Smythe, and D.M. Glover, un- 
published results); and the Plk genes of mouse and human 
(3, 7, 9, 12, 16).  All these proteins exhibit a high degree of 
identity not only in the NH2-terminal catalytic domain, but 
also  in  an  equally  long  COOH-terminal  domain  where 
three consensus motifs characterize this kinase family (Fig. 
t). The extension of identity beyond the catalytic domain 
strongly suggests that they are true homologues, although 
as yet there have been no reports that show functional ex- 
changeability between species. Perhaps a more important 
question is whether the polo-like kinases of different or- 
ganisms have equivalent biological functions. This would 
appear to be the case, at least one common role being ob- 
served in fission yeast, Drosophila and human cells where 
they regulate  centrosome  separation  in  mitosis.  As with 
the cdks, mammals also appear to have evolved a group of 
plk family members that function in G1. These cousins are 
represented by the mouse kinases Snk and Fnk (24, 4), and 
the human kinase Prk (19) that are induced in response to 
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mitogens. Finally, another kinase, Sak (6), which appears 
to be involved in cell cycle regulation, was described as be- 
ing polo-like because of some homology in the  catalytic 
domain,  but  lacks  the  three  COOH-terminal  consensus 
subdomains, and thus it is not clear that it is a family mem- 
ber. In this short article, we will concentrate upon review- 
ing the functions of the plks that function during mitosis. 
Pas de Deux: The Centrosome Cycle 
The polo 1  mutation of Drosophila was first identified as a 
maternal effect mutant giving rise to embryos that show 
abnormal mitotic networks of microtubules, and in which 
centrosomal  components  fail  to  organize  into  discrete 
structures (25). The mutation also affects centrosome be- 
havior in larval neuroblasts, which show a  wide range of 
mitotic defects including the formation of monopolar spin- 
dles  and  spindles  with  broad  poles  (25,  20).  Multipolar 
spindles are seen in male meiosis, and these mutant males 
show  meiotic  nondisjunction  and  reduced  fertility.  The 
pleiotropy of the mutant phenotype could reflect diverse 
roles for the protein, but may also in part reflect the hypo- 
morphic nature of this particular allele of polo (Fig. 2). 
Loss of polo-like kinase function  also leads to the for- 
mation of monopolar spindles in organisms as diverse as 
fission yeast and man. One of the two major phenotypes 
resulting from gene disruption of the plol gene in fission 
yeast is a failure of the spindle pole bodies to form a bipo- 
lar spindle (reference 22; Fig. 2). Lane and Nigg (17) have 
now observed that microinjection of antibodies to human 
Plkl  into cultured human cells blocks the ceils in mitosis 
with  monopolar  spindles  that  are  nucleated  by  cen- 
trosomes that appear to have duplicated but have not sep- 
arated.  These findings  are remarkable given the entirely 
different structure of the spindle pole bodies of yeasts and 
the centrosomes of animal cells. They suggest that the polo 
kinase is part of a fundamental signal to generate a bipolar 
spindle that has been conserved in spite of the evolution- 
ary divergence of the structure of the spindle poles. 
It seems that not only is the process of centrosome sepa- 
ration affected by the injection of anti-Plkl antibodies into 
human cells, but also that the centrosomes fail to undergo 
the increase in size normally seen immediately before mi- 
tosis (17). They remain small and contain reduced amounts 
of immunoreactivity to antibodies against ~/-tubulin  and to 
MPM-2,  a  monoclonal  antibody that  reacts with  a  large 
number of proteins phosphorylated specifically at mitosis. 
This  has led  Lane  and  Nigg  (17)  to suggest  that  human 
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from the amino acid sequence  alignments. The primary structure 
of the proteins is also represented, with the four regions of higher 
homology in dark boxes.  These are the catalytic  domains  and 
three sub-domains  in the COOH-terminal (PD1, PD2, and PD3 
--  Polo Domain) that constitute  a characteristic  of the members 
of this kinase family. Snk, Fnk, and Prk seem to have a G1/S asso- 
ciated function while the other kinases seem to be active during 
the M-phase. 
Figure 2.  Mutant phenotypes of polo-like kinases in different or- 
ganisms. In humans monopolar spindles are observed when anti- 
Plkl antibodies  are injected into cultured cells. 
Plkl plays a role in centrosome maturation, a concept that 
receives some support from the inability of centrosomes to 
recruit  the  CP190  antigen  in  Drosophila  polol-derived 
embryos (25). 
Immunostaining experiments in  mammalian cells indi- 
cate that Plkl is associated with the polar region of mitotic 
spindle from prophase to metaphase (8, 18). It is not clear 
whether there  are any plk substrates associated with the 
centrosome per se, or indeed what these might be. Recent 
work with the Drosophila polo kinase indicates that it is 
likely to  have  a  number  of microtubule  associated  sub- 
strates (26). These studies identified a number of proteins 
that were differentially phosphorylated in extracts of wild- 
type embryos or embryos derived from polo  females ei- 
ther by endogenous kinases, or by exogenously added polo 
kinase.  One  of these  substrates  appears to be  [3-tubulin, 
and other substrates are enriched in microtubule prepara- 
tions, and  are thus the type of molecule that might have 
been expected to be phosphorylated by the enzyme. 
Coda: The Late Stages of Mitosis and Cytokinesis 
It is clear from both fission yeast and budding yeast mu- 
tants,  that  loss  of  function  of  the  respective  genes 
plol÷and CDC5 results in late mitotic phenotypes. In ad- 
dition  to  being  required  to  generate  a  bipolar  spindle, 
plol ÷ is also required for the process of septation (refer- 
ence 22; Fig. 2). The plol ÷ gene is required for both actin 
ring formation and deposition of septal material, and be- 
cause most septation mutants are defective in only one of 
these processes, the plol ÷ gene is likely to function high in 
the septation cascade. 
The  overexpression of plol ÷ in wild-type cells has the 
opposite  effect  in  leading  to  the  formation  of  multiple 
septa without nuclear division. Remarkably, septation can 
be induced by the overexpression ofplol ÷ in Gl-arrested 
cells; in cells arrested in G2; or in cells lacking the cyclin B 
homologue cdcl3  that  undergo  repeated  S-phases in  the 
absence of mitosis. Thus, plol ÷ overexpression seems to 
overcome the normal dependency of cytokinesis upon the 
prior initiation of mitosis. The finding that plol ÷ function 
is both essential and sufficient for actin ring and septum 
formation has led to the proposal that plol ÷ is the key rate 
limiting inducer of this whole pathway (22). In short, plol 
kinase behaves as a "septum promoting factor" in S. pombe. 
In  contrast  to  the  Drosophila  and  S.  pombe  mutants, 
cdc5 mutants of S. cerevisiae  retain the ability to form a bi- 
polar  spindle,  but  arrest  nuclear  division  at  a  late  stage 
when chromosomes have separated and the spindle elon- 
gated (2,  11) (Fig. 2). The gene product might still be re- 
quired  for  some  aspects  of microtubule  behavior,  how- 
ever, since following the release of a temperature-sensitive 
cdc5  strain  from a  block at  the  nonpermissive  tempera- 
ture, cells become temporarily insensitive to the microtu- 
bule depolymerizing drug MBC (28). 
It is not clear whether the plks of animal cells have an 
equivalent  function  in  cytokinesis, polo  mutants of Dro- 
sophila show polyploid cells in larval brains, together with 
multipolar spindles in male meiosis. It is, however, difficult 
to tell whether these phenotypes are consequences of de- 
fects in cytokinesis or of earlier aberrant centrosome be- 
havior (25).  No effects upon cytokinesis were seen when 
anti-HsPlkl antibodies were injected into human cells al- 
ready in  metaphase  (17).  However, it  is  always possible 
that the requirement for the polo-like kinase in cytokinesis 
occurs earlier in the mitotic cycle and  is obscured by the 
dramatic effects on centrosome behavior. The movement 
of mammalian polo-like kinase from the polar regions of 
the spindle microtubules during prophase and metaphase 
to the spindle mid-zone during anaphase, and to the mid- 
body during telophase suggests a  role in cytokinesis as a 
distinct possibility (8, 18). This pattern of subcellular local- 
ization in late mitosis is consistent with the reported asso- 
ciation of Plkl with the kinesin-like protein MKLP-1 (18), 
thought  to  mediate movement of overlapping pole-pole 
microtubules, and would appropriately position the kinase 
to modify substrates in the vicinity of the contractile ring 
at the onset of cytokinesis. However, at the present time 
direct evidence for a role of the enzyme in the cytokinesis 
of animal cells is lacking. 
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The potential intimacy of the interaction between p34  cdcz 
and  polo-like kinases was  recently demonstrated  by the 
surprising findings of Kumagai and Dunphy (15) who set 
out to purify a kinase activity from Xenopus egg extracts 
that  would  activate  the  cdc25  phosphatase.  This  phos- 
phatase, which activates p34  cdcz, has been known for some 
time to be positively regulated by its own state of phos- 
phorylation. The cdc25-activating kinase that they purified 
turned out to be a Xenopus  polo-like kinase, Plxl. Once 
phosphorylated by Plxl, the p34  cdCz specific phosphatase 
activity of cdc25 is stimulated in vitro. It has already been 
shown  that once it has  been activated, p34  cdcz can itself 
phosphorylate cdc25 forming part of a positive feedback 
loop that  amplifies p34  c~2 activation.  It was  now found 
that Plxl and p34  cd~2 phosphorylate cdc25 on a set of sites 
corresponding  to  positions  of  phosphorylation  by  an 
M-phase extract (15). In addition there seem to be a num- 
ber of additional sites that are phosphorylated by the egg 
extract, suggesting further enzymes may be involved. At 
present it is unclear whether plk might provide the activity 
that  first activates  p34  ~dc2, or whether it plays  a  role in 
maintaining it in an active state,  thus regulating progres- 
sion through mitosis. 
Cdc25 phosphorylated by Plxl could be recognized by 
the monoclonal antibody MPM-2. Components of the mi- 
totic spindle and of the anaphase-promoting complex be- 
come MPM-2 antigens during mitosis (see e.g., 27, 13).  If 
polo-like kinases are major "MPM-2 kinases," this would 
be consistent with a general role in regulating the function 
of mitotic structures.  It would also explain the failure to 
accumulate MPM-2 antigens  at the centrosome in mam- 
malian cells following the injection of antibodies to the hu- 
man Plkl (17). 
Pas d'Action: Timing of Polo Kinase Activity 
Activity measurements have not been made for the polo- 
like kinases of either fission yeast or budding yeast. One 
can only assume that their activation might occur during 
periods indicated by the timing of their cell cycle pheno- 
type. If one compares the timing of spindle pole body sep- 
aration and actin ring formation as the first indicators of 
bipolar spindle formation and cytokinesis, one is struck by 
the differences in the division cycles of these two yeasts. In 
the  S.  pombe  cell  cycle,  these  two  events  take  place 
roughly at the same time, at a very early stage of mitosis, 
and consequently, there would be no need of a mechanism 
to control the independent timing of these two events. On 
the other hand in S. cerevisiae SPB separation takes place 
in S phase, whereas cdc5 mutants arrest after spindle elon- 
gation at the time of actin ring formation (1, 2, 23). Thus, 
events  which  take  place  roughly  simultaneously  in  S. 
pombe,  are temporally separated in the S. cerevisiae cell 
cycle. While  no  SPB  separation  defects  have  been  ob- 
served in cdc5 mutants, a role in this process cannot yet be 
categorically ruled out. However, it is possible that S. cere- 
visiae might have abandoned one function of its polo-like 
kinase, or that another related kinase might have become 
specialized for this role, although a preliminary search of 
the yeast genome database suggests that this latter possi- 
bility is unlikely. 
Timing of activity has only been examined in cultured 
mammalian cells and in the syncyfial Drosophila embryo. 
In Drosophila embryos, p34  cd~2 kinase activity peaks in the 
beginning of mitosis, whereas polo kinase activity is maxi- 
mal at late anaphase-telophase  (5). In cultured mamma- 
lian cells, on the other hand, the activity of plkl follows 
closely the profile of p34  cd~2 activity (8, 10, 18). How can 
one account for these apparent differences in activity pro- 
files? At first sight, the timing of polo kinase activity in 
Drosophila syncytial embryos would appear inconsistent 
with a role in spindle formation. However, the mitotic cy- 
cle of the Drosophila embryo is unique: it is the shortest 
cell cycle known in all organisms, with no gap phases or cy- 
tokinesis; and lacking the checkpoint to prevent mitosis if 
DNA replication is incomplete. Interestingly, centrosome 
separation begins during telophase of the previous cycle, 
the time of maximal polo kinase activity. In mammalian 
cells centrosorne separation takes place at prophase coin- 
ciding with the activity peak of both Plkl  and p34  cdc2 ki- 
nases. Consequently, the observations may not be as dis- 
parate as they appear at first sight. 
Finale et Apothdose 
The mitotic polo-like kinases are conserved enzymes that 
play  a  leading role  in  mitotic progression  with  at  least 
three separate functions. First, they are essential to estab- 
lish bipolarity of the spindle in organisms as diverse as fis- 
sion yeast, flies, and mammals. Second, in the yeasts they 
are essential for the cytokinesis pathway, and indeed they 
can drive the whole of the pathway for actin ring forma- 
tion and septation in S. pombe. Although there may be a 
requirement for the plks in the cytokinesis of animal cells, 
this has yet to be proven. A third property is the ability to 
activate cdc25 and so contribute to maintaining p34  cdc2 in 
an  active  state.  This  is  a  property that  plk  shares  with 
p34  cdc2 itself, and would be an effective way of maintaining 
the mitotic state. It remains to be seen to what extent and 
how the two enzymes cooperate in other aspects of mitotic 
progression.  At  present  very little  is  known  about  the 
mechanisms that regulate the activation of the plks. Active 
polo kinase obtained from Drosophila embryo extracts is 
inactivated following phosphatase treatment  (26). More- 
over, polo is underphosphorylated in polo 1  mutants. The 
mammalian plks also appear to be regulated by their phos- 
phorylation state (10). However, the kinases responsible 
for  this  activation  are  unknown.  The  identification  of 
genes from Drosophila, fission yeast, and budding yeast 
that show interactions with the respective polo, plol, and 
CDC5 genes should prove to be an effective way to elabo- 
rate both the mechanisms that regulate the activation of 
the polo-like kinases, and to identify their substrates. 
We apologize to authors whose work we have not cited due to space con- 
straints. 
Work on plks in the authors' laboratory is supported by grants from the 
Cancer Research Campaign, the BBSRC, and the European Union. 
Received for publication 16 October 1996 and in revised form 14 Novem- 
ber 1996. 
References 
1. Adams, A,E,M., and J.R. Pringle. 1984, Relationship  of actin and tubulin 
distribution to bud growth in wild-type and morphogenetic-mutant  Sac- 
Glover et al. The Polo Kinase Family  1683 charomyces cerevisiae.  J. Cell Biol. 98:934-945. 
2.  Byers, B., and L. Goetsch. 1974. Duplication of spindle plaques and inte- 
gration of the yeast cell cycle. Cold Spring Harbor Symp. Quant. Biol. 38: 
123-131. 
3.  Clay, F.J.,  S.J. McEwen, I. Bertoncello, A.F. Wilks, and A.R. Dunn. 1993. 
identification and cloning of a protein kinase-encoding mouse gene, Plk, 
related to the polo gene of Drosophila.  Proc. Natl. Acad.  Sci.  USA. 90: 
4882-4886. 
4.  Donohue, P.,  G. Alberts, Y. Guo, and J. Winkles. 1995. Identification by 
targeted differential display of an immediate early gene encoding a puta- 
tive serine/threonine kinase. J. Biol. Chem. 270:10351-10357. 
5.  Fenton, B.,  and D.M.  Glover. 1993. A  conserved mitotic kinase active at 
late anaphase-telophase in syncytial Drosophila embryos. Nature (Lond.). 
363:637~539. 
6.  Fode, C., B. Motro, S. Yousefi, M. Heffernan, and J. Dennis. 1994. Sak, a 
murine protein-serine/threonine kinase that is related to the Drosophila 
polo kinase and involved in cell proliferation. Proc. Natl. Acad. Sci.  USA~ 
91:6388-6392. 
7. Golsteyn, R.,  S. Schultz, J.  Bartek, A. Ziemiecki, T.  Ried, and E. Nigg. 
1994. Cell cycle analysis and chromosomal localization of human Plkl, a 
putative homologue of the mitotic kinases Drosophila polo and Saccha- 
romyces cerevisiae Cdc5. J. Cell ScL 107:1509-1517. 
8. Golsteyn, R., K. Mundt, A. Fry, and E. Nigg. 1995. Cell cycle regulation of 
the activity and subcellular localization of PLK1, a human protein kinase 
implicated in mitotic spindle function. J. Cell Biol. 129:1617-1628. 
9.  Hamanaka, R.,  S.  Maloid, M.R.  Smith, C.D.  O'Connell, D.  Longo,  and 
D.K. Ferris. 1994. Cloning and characterization of human and murine ho- 
mologues of the Drosophila polo serine-threonine kinase. Cell Growth 
Differ. 5:249-257. 
10. Hamanaka, R., R. Smith, P. O'Connor, S. Maloid, K. Mihalic, J. Spivak, D. 
Longo, and D. Ferris. 1995. Polo-like kinase is a cell cycle-regulated ki- 
nase activated during mitosis. J. Biol. Chem. 270:21086-21091. 
11. Hartwell, L.H.,  R.K.  Mortimer, J.  Culotfi, and M.  Culotti. 1973. Genetic 
control of the cell division cycle in yeast: V. genetic analysis of edc mu- 
tants. Genetics.  74:267-286. 
12. Holtrich, U., G. Wolf, A. Brauninger, T. Karo, B. Bohme, H. Rubsamen- 
waigmann, and K. Strebhardt.  1994.  Induction and down-regulation of 
plk, a  human serine/threonine kinase. Proc.  Natl.  Acad.  Sci.  USA.  91: 
1736-1740. 
13. King, R., J. Peters, S. Tugendreich, M. Rolfe, P. Hieter, and M. Kirschner. 
1995. A 20S complex containing CDC27 and CDC16 catalysis the mitosis 
specific conjugation of ubiquitin to cyclin B. Cell. 81:279-288. 
14.  Kitada, K., A.L. Johnson, L.H. Johnston, and A. Sugino. 1993. A multicopy 
suppressor gene of the Saccharomyces  cerevisiae GI  cell cycle mutant 
gene dbf4 encodes a protein kinase and is identified as CDC5. Mol. Cell, 
Biol. 13:4445-4457. 
15. Kumagai, A., and W. Dunphy. 1996. Purification and molecular cloning of 
Plxl,  a  Cdc25-regulatory  kinase  from  Xenopus  egg extracts.  Science 
(Wash. DC). 273:1377-1380. 
16. Lake, R.J., and W.R. Jelinek. 1993. Cell-cycle and terminal differentiation- 
associated regulation of the mouse mRNA encoding a conserved mitotic 
protein kinase. Mol. Cell. Biol. 13:7793-7801. 
17. Lane, H., and E. Nigg. 1996. Antibody microinjection reveals an essential 
role for human polo-like kinase 1 (Plkl) in the functional maturation of 
mitotic centrosomes. J. Cell Biol. In press. 
18. Lee, K., Y.-L. Yuan, R. Kuriyama, and R. Erikson. 1995. Plk is an M-phase- 
specific protein kinase and interacts with a kinesin-like protein, CHO1/ 
MKLP-1. Mot. Cell. Biol. 15:7143-7151. 
19. Li, B., B. Ouyang, H. Pan, P. Reissmann, D. Slamon, R. Arceci, L. Lu, and 
W. Dai. 1996. prk, a cytokine-inducible human protein serine/threonine 
kinase whose expression appears to be down-regulated in lung carcino- 
mas. J. Biol. Chem. 271:19402-19408. 
20.  Llamazares,  A.,  A.  Moreira,  A.  Tavares,  C.  Girdam,  B.A.  Spruce,  C. 
Gonzalez, R.E.  Karess, D.M.  Glover and C.E.  Sunkel.  1991. polo en- 
codes  a  protein  kinase  homolog  required  for  mitosis in  Drosophila. 
Genes Dev. 5:2153-2165. 
21.  Nigg, E. 1995. Cyclin-dependent protein kinases: key regulators of the eu- 
caryotic cell cycle. BioEssays. 17:471-480. 
22.  Ohkura, H., I. Hagan, and D. GIover. 1995. The conserved Shizosaccharo- 
myces pombe kinase plol, required to form a bipolar spindle, the actin 
ring, and septum, can drive septum formation in G1 and G2 cells. Genes 
& Dev. 9:1059-1073. 
23.  Schild, D., and B. Byers. 1980. Diploid spore formation and other meiotic 
effects of two cell division cycle mutations of Saccharomyces cerevisiae. 
Genetics.  96:859-876. 
24.  Simmons, D.L., B.G. Neel, R. Stevens, G. Evett, and R.L. Erikson. 1992. 
Identification of an early-growth-response gene encoding a novel puta- 
tive protein kinase. Mot. Cell Biol, 12:4164-4169. 
25. Sunkel, C.E., and D.M. Glover. 1988. polo, a mitotic mutant of Drosophila 
displaying abnormal spindle poles. Z  Cell Sci. 89:25-38. 
26. Tavares, A., D. Glover, and S. Sunkel. 1996. The conserved mitotic kinase 
polo is regulated by phosphorylation and  has  preferred  microtubule- 
associated substrates in Drosophila embryo extracts. EMBO (Eur. Mot. 
Biol. Organ.)J. 15:4873-4883. 
27.  Vandre, D., F. Davies, P. Rao, and G. Borisy. 1984. Phosphoproteins are 
components of microtubule organizing centers.  Proc.  Natl.  Acad.  Sci. 
USA. 81:4439-4443. 
28.  Wood, J.S.,  and L.H. Hartwell. 1982. A  dependent pathway of gene func- 
tions leading to chromosome segregation in Saccharomyces cerevisiae.  J. 
Cell Biol. 94:718-726. 
The Journal of Cell Biology, Volume 135,  1996  1684 